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ABSTRACT 
Norwegian tills are usually coarse. The saturated water 
movement is mainly concentrated along fractures, fissures and' 
sorted sediment zones. The studies indicate that l e s  that 10% of 
the water drains through the pore system of the ti11 matrix. 
There is no marked correlation between the grain-size composi- 
tion of the ti11 and the saturated permeability. Homogeneous 
Norwegian tills may form important conduits of capilla- 
ry water transport from the groundwater level to the vegetation 
during dry summers. This is mainly because the tills are domin- 
ated by equidimensional minerals which form an open pore sys- 
tem and because the groundwater level in many cases is situated 
at shallow depths. 
RESUMEN 
Los tills noruegos generalmente son detriticos groseros. El 
movimiento del agua de saturación se concentra principalmente 
a lo largo de fracturas, fisuras y zonas de sedimentos clasificados. 
Los estudios realizados indican que menos de un -10% del agua 
drena a través del sistema de poros de la matriz del till. No hay 
ninguna correlación definida entre el tamaño de grano del till y 
la permeabilidad de saturación. Los tills homogéneos de Norue- 
ga pueden constituir conductos importantes para el transporte, 
por capilaridad, del agua del nivel .freático hasta la vegetación 
durante los veranos secos. Ello es debido en gran manera a que 
los tills están dominados por minerales equidimensionales que 
forman un sistema abierto de poros y, también, a que el nivel 
freático se encuentra en la mayoría de los casos a profundidades 
escasas. 
RESUM 
de correlacio ben definida entre el tamany de gra del till i la per- 
meabilitat de saturació. Els tills homogenis de Noruega poden 
constituir conductes importants per al transport, per capilaritat, 
de I'aigua del nivell freiitic fins a la vegetació en els estius secs. 
Aixo és degut en gran manera a que els tills estan dominats per 
minerals equidimensionals que formen un sistema obert de po- 
rus a més a més de que el nivell freatic es troba a molt poca fon- 
daria en la majoria dels casos. 
INTRODUCTION 
Ti11 is the dominating Quaternary sediment in 
Nonvay. The most productlve forest areas and 
some of the most important areas of cultivated land 
are situated on tills. Therefore, water in tills is a 
subject of great practica1 impostance. 
The most detailed studies of water in tills have 
been published by North American hydrogeologists 
(e.g. William & Farvolden, 1969, Grisak & Cherry, 
1975, Grisak et al., 1976, Cherry et al., 1979, 
Hendry, 1982, Prudic, 1982) Most of the Noith 
American papers concern tills formed from fine- 
grained sedimentary rocks. Siich tills are usually 
compact, thick and clay-rich, and the main saturat- 
ed water movement is concentrated along promin- 
ent fractures. In Scandinavia, the most detailed stu- 
dies of water in tills were camed out in Sweden 
(Knutsson, 1966, 197 1, Nordberg & Modig, 1974, 
Els tills noruegs en general són grollers. El moviment de I'ai- 
~~~~~i~~ & 0lsson, 1974, ~~~~~i~~ et al., 1978, gua de saturació es concentre principalment al llarg de fractures, 
fisures i zones amb sediments classificats. Els estudis realitzats Svensson & Andersson, 1974, Olsson, 1977, Lun- 
indique que I'aigua que drena mitjancant el sistema de porus de din, 1982). In Norway very little data has been 
la matriu del till és inferior a un 10°/o. No hi ha tampoc cap tipus published so far (Jorgensen, 1978, Dahl et al., 
1981). The typical Scandinavian tills are formed 
from coarse sedimentary and crystalline bedrocks 
and are different from the tills described from 
North America. They are usually rather thin (one 
to a few meters), silty and sandy with a clay content 
below 5% (Jcrrgensen, 1977), and, in most cases, 
small, frequerit fissures dominate rather than pro- 
minent fractures. This paper concerns satu- 
rated hydraulic conductivities and capillary trans- 
port in such typical Norwegian tills. 
CLASSIFICA,TION OF TILL GENESIS 
In this paper the criteria for ti11 genesis were 
used as follows: Lodgement ti1 1: 
Compact, homogeneous ti11 with a relatively 
high silt content, abraded and striated boulders and 
cobbles, and a long-axis orientation of the clasts 
parallel to the direction of ice movement. The ti11 
usually forms a gently undulaiting ground moraine. 
These criteria do not necessa,rily prove deposition 
by lodgement process, but they are the most indica- 
tive criteria of formation along the bottom of an ac- 
tive, sliding glacier. In this paper, compact, homo- 
geneous tills are grouped among the lodgement tills 
even though the ti11 fabric has not been studied. 
Melt-out ti11 and flow till: Tills that lack one or 
more of the criteria mentioned above. Usually 
these tills are coarser grained, less compact, and 
contain lenses and bands of sorted material. Their 
landforms are mainly hummocky. 
SATURATED HYDRAUL1:C CONDUCTIVITY 
A detailed study on perrneability of Norwegian 
tills was carried out by J~rgensen (1978). His data 
concerned idisturbed ti11 sarriples packed in labora- 
tory permeameters by a standard proctor method. 
Even though the variability was great, a marked ne- 
gative correlation between the content of silt + clay 
and the hydraulic conductivity was found. Some 
undisturbed ti11 samples stildied in the laboratory 
by Dahl et al. (1981) showed very weak correlation 
between the grain-size cornposition and the per- 
meabiiity, 
Howevirr, we strongly felt the lack of data from 
in situ me~isurements of the hydraulic conductivity. 
Therefore, a field program was carried out, where 
tills of diflierent genesis and from different parts of 
the country were studied. 
Measurements were ccarried out above the 
groundwalter level. The method used has been to 
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Figure 1. Field equipment for measurements of the infiltrabi- 
lity of tills. 
dig a squared hole with sides of length 60 or 25 
cm and depth 30 cm (Fig. 1) (Jenssen, 1982). A 
porous plastic pad was used to keep the sides of 
the hole stable. The water level in the hole was 
kept at a constant level by a mariotte cylinder. The 
amount of water infiltrated per unit time was mea- 
sured at a water level of 10 cm. An almost constant 
infiltrability (steady state) was reached after 2 - 8 
hours. This infiltrability has been used to caleulate 
the hydraulic conductivity. The calculation is 
based on the assumption that <the hydraulic gra- 
dient tends to unity after a suffic;ient wetting perisd 
of the soil (Kessler & Oosterbaan, 1974, Hillel, 
1980). 
Fig. 2 shows the results of í.he field studies in 
a steady-state infiltrability - hydraulic conductiv- 
ity - median grain-size diameter diagram for mea- 
surements at 0.6 to 1.2 m below the ground. 
Most of the lodgement tills have a significant- 
ly lower hydraulic conductivity than the melt-out 
and flow tills. This is mainly because the melt-out 
and flow tills frequently contrain sorted lenses and 
bands with high permeability. 
There is a weak positive correlation between the 
median diameter and the hydraulic conductivity of 
melt-out and flow tills. However, out- general im- 
pression is that the coarsest tills of such types are 
those with the highest frequency of beds and bands 
of coarse, sorted material. The structural properties 
may, therefore, be as least as important for the sa- 
turated hydraulic conductivity of such tills as are 
the grain-size compositions. 
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Figure 2. Steady-state infiltrability - approximate hydraulic con- 
ductivity in relation to median grain-size diameter of Norwegian 
tills. The upper grain-size boundary considered is 32 mm. 
There is no marked relation between the me- 
dian diameter and the hydraulic conductivity of the 
lodgement tills. This means that a sandy lodgement 
till may have a permability as low as that of a silt- 
rich one. No marked relation to the hydraulic con- 
ductivity was found if other grain-size parameters, 
such as the sorting coeficient or the content of silt- 
+clay, were used instead of the median diameter. 
This indicates that the grain-size distribution of the 
ti11 material is not the most important factor con- 
trolling the hydraulic conductivity of 'these lodge- 
ment tills in the field. 
In order to study the drainage pattem of the 
water in detail, an investigation was carried out at 
Hamars~tra, Astadalen, southem Norway. The ti11 
here is interpreted as a lodgement ti11 (Haldorsen, 
1982). The upper 0.5 m of it is fissile (Fig. 3A) due 
to a secondary soil weathering. Deeper down the 
ti11 is more homogeneous, and many places are 
without visible structure. Studies were carried out 
in an area with spruce forest and grazing land as 
follows: 
1. Three infiltration tests were carried out in 
the field at depths 0.8-1 .O m by the standard meth- 
od described above. This method gave us the total 
' in situ hydraulic conductivity. 2. "Undisturbed" 
samples were taken by hammering steel cylinders 
of 5 cm diameter vertically and horizontally into 
the till. The hydraulic conductivity of these sam- 
ples was measured in the laboratory and gave an 
idea about the anisotropy of the ti11 (detailed de- 
scription of the method, see Jenssen, 1982). 3. Dis- 
turbed samples with an upper grain size of 32 mm 
were packed in laboratory permeameters. By this 
method no fractures are present and the water is 
forced to drain through the pore system of the till. 
The test was carried out to give an idea about the 
size of the saturated pore permeability. 4. Some 
oriented samples were prepared for electron mi- 
croscope studies to look at the microstructures 
which are not visible in the field but may have an 
important influence on the water movement. 
The results of the different tests are shown in 
Fig. 4. The in situ field tests gave hydraulic con- 
ductivities about ten to one hundred times greater 
than those of the packed laboratory permeameter 
samples. Some,of these differences may be due to 
an error caused by assuming that the hydraulic gra- 
dient around the infiltration hole has not the value 
of unity. If the hydraulic gradient was greater that 
one, the hydraulic conductivity values calculated 
from the in situ measurements are too high. How- 
ever, to explain the total difference between the 
field measurements and the packed samples in this 
way, the hydraulic gradient in the field must have 
been greater than ten during the final stage of the 
infiltration test. Such high values are unlikely after 
a long wetting period. The hydraulic conductivity 
for the undisturbed samples studied in the labora- 
tory is in the same size interval as those calculated 
from the infiltration tests. This shows that the in 
situ infiltration tests probably give realistic values 
of the saturated hydraulic conductivity. Therefore, 
the studies indicate that more than 90% of the gra- 
vitational water movement occurs along fractures, 
fissures and channels, and less than 10°/o occurs 
through the pore system of the ti11 matrix. 
The undisturbed, horizontal samples gave, on the 
average, higher values of hydraulic conductiv- 
ity than the vertical samples. In a homogeneous 
lodgement till, this difference is probably due to 
the subhorizontal pressure structures creating ma- 
cro- and microfissures. Such structures are vis- 
ible in a microscale (Fig. 3 B), even when the ti11 
in the field lacks visible structures. 
The Astadalen ti11 is considered representative 
for sandy-silty lodgement ti11 in Norway (Fig. 2). 
Its grain-size composition is within the bulk of 
Norwegian tills formed from cmrse-grained crystal- 
line or sedimentary bedrocks. The conclusion is, 
therefore, that local fractures and small-scale fis- 
sility are the most important fa,ctors for satu- 
rated water transport in Norwegian tills. This con- 
clusion is also supported when the results of the 
packed, disturbed ti11 samples studied by Jorgensen 
(1978) are compared with the results from the pre- 
sent study. In the study by J~rgensen, only a small 
number of the coarsest samples gave values of hy- 
draulic conductivity above 1P6 m/s. The field tests 
gave no values lower than ni/s (Fig. 2). The 
pore system of the ti11 matrix seerns to be nearly 
passive for saturated water transport, even in the 
relatively coarse-grained Norwegian tills. Tables 
showing the hydraulic conductivity of dishrbed ti11 
sample; packed in laboratory permeameters are, 
therefore, of nearly no significance for field condi- 
tions. This conclusion is also supported by the data 
of Dahl et al. (1981) and Knutsson (1971). 
It can be argued that al1 field tests in this study 
are carried out at high levels in the tills (< 1.2 m 
depths), and that the permeability may decrease 
significantly deeper where no soil weathering pro- 
cesses have taken place. However, the study by 
Lundin (1982) of similar ti11 types showed that a 
change in porosity and permea1)ility usually ap- 
pears between O and 0.5 m depths. Deeper down 
the permeability seemed to be more independent of 
the depth. We therefore regard the drainage pattern 
described above as also characteristic for deeper 
parts of the tills, even though the difference bet- 
ween pore drainage and channel drainage may be 
smaller at greater depths. 
The in situ values of hydriiulic conductivity 
given in this paper and the data by Dahl et al. 
(1981) indicate that typical ~orwegian lodgement 
tills are much more permeable than typical fine- 
grained fractured tills described from Canada and 
the United States (e.g. Hendry, 1982, Prudic, 1982). 
According to the conclusion aba've; this difference 
cannot be explained only by differences in the pore 
system of the ti11 matrix due lo a difference in 
grain-size composition. More probably, the coarser 
Figure 3. A. Section in the upper, weathered part of a uniform, 
compact sandy-silty lodgement ti11 from Wamars~tra, Wstadalen, 
southeastem Nonvay. Ice movement from the nght. B. Scanning 
electron microscope photo of ti11 from the locality in A, 1.3 m 
depth. Structures which are interpreted as pressure structure are 
seen ftom the lower right towards the upper leR of the photo. 
Scale: white line is 100pm. C. Scanning electron microscope 
photo of the same sample as in B. Sympathetic fine-silt fabric is 
seen añound the greater particle in the center of the photo. Scale: 
white line is 10 pm. 
HYDRAULIC CONDUCTlVlTlES (K) 
Lodgement till, Astadalen 
Method K-values mls 
1. lnfiltration tests in the field 2.10-', 5 .10 '~ .  9.10-' 
0.8 - 1.0m depth 
2. Permeameter tests. 
undisturbed samples 
a. Vertical direction 3 . 1 0 - ~  
2.10-', 5.10-', 5.10.' 
b. Horizontal direction 5.10-6. 6.10", 6.1C-' 
2.10-5. 3 . ~ 0 . ~  
3. Permeameter tests; 3.10-', 6.10-', 6.10.' 
packed, disturbed samples 2 . 1 0 - ~ ,  3.10-', 4.10-'. 7.10-' 
(material < 32mm)  
Figure 4. Hydraulic conductivity data of lodgement ti11 from 
Astadalen. 
grained Norwegian tills have a greater frequency of 
local fissures than the compact, fine-grained, clayey 
tills described from North America. Further, most 
of the studied Norwegian tills were deposited dur- 
ing the deglaciation phase of the Scandinavian ice 
sheet, when the rate of basa1 melting was great and 
much water was present along the bottom of the 
ice. Therefore, some sorging may have occurred 
during the deposition of the lodgement till, even 
where sorted sediment zones are not clearly visible 
in the field. Such sorted zones may have an impor- 
tant influence on the permeability of the till. 
WATER TRANSPORT IN THE CAPILLARY 
ZONES OF THE TILL 
The groundwater level in Norwegian tills is, in 
many places, situated at shallow depths (1-3 m be- 
low the surface). Therefore, if the ti11 is relatively 
homogeneous with no significant zones of sorted, 
permeable sediments, the capillary zone may ex- 
tend up to the root zone or to the ground surface 
(Fig. 5). During the summer, water can then be 
transported from the groundwater zone up to the 
root zone and supply water for the vegetation. The 
amount of water transported in this way depends 
on the suction (negative pressure potential in the 
water phase) in the root zone, the depth to the 
groundwater level, the pore-size distribution, and 
the continuity of pores in the till. 
If the groundwater level is at 1 m depth, the 
active part of the pore system is that with an equiv- 
alent pore diameter smaller than 30 pm (defini- 
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Figure 5. Water profile in compact ti11 at Nordberg, SkjBk, 
southeastem Norway. M. water stored in the root zone at the 
end of the winter season; P, precipitation dunng the growing 
season; C, supply of water by capillary transport upwards to 
the root zone dunng the growing season; E, Evapotranspiration 
dunng the growing season; G,  water percolating downwards 
from the root zone towards the groundwater zone dunng the 
growing season. 
tions: see Bouma, 1977). These pores correspond to 
a capillary rise of more than 1 m. The smallest 
pores (< 3 pm) give the highest capilla- 
ry rise, but the quantity of water transported by 
such pores is small. Therefore, they are not so im- 
portant for water supply to the root zone as the 
coarsest part of the active pore system. 
Fig. 3C shows an electron microscope photo of 
a ti11 sample from Hamarsztra, Astadalen. The lo- 
cality is described in the previous section. Coarse 
and medium silt grains domina,te. Platy particles of 
fine silt are packed around the sand and coarse silt 
particles (center of the photo), giying a sympathetic 
fine silt fabric, which is believed to be indicative of 
a lodgement till. However, as the material is do- 
minated by i:quidimensional quartz and feldspar 
grains, with a content of platy isheet silicates of only 
about lo%, a rather open pore system must be the 
result. 
Fig. 6 shows the pore-size distribution curves 
and the corresponding capillary rise of some sam- 
ples taken frlom the same till. The curves are ob- 
tained from standard suction moisture content 
measurements. More than 2OCYo of the total soil vo- 
lume consists of pores smaller than 30 pm, and 
about 10941 is in the importzint size-interval 3-30 
Cim. 
SUCTION-WATER CONTEhIT CURVES 
Ladgoment lill. Astadalen, southeastern Narwsy 
Water content (vol%) 
pitation during the growing season and C, the water 
transported upwards through the capillary zone 
during the growing season. I,oss of water is the sum 
of two components: E, the evapotranspiration dur- 
ing the growing season; G, the water percolating 
down towards the groundwater zone after periods 
with rain. However, in the Skjik area there is a de- 
ficit of water in the root zone al1 summer and per- 
colation downwards from the root zone is negligi- 
ble. Therefore, if the content of available water 
from the winter season and precipitation during the 
summer are subtracted from actual evapotranapira- 
tion, we get the amount of water transported up- 
wards through the capillary zone. During the sum- 
mers 1975-81, this value was calculated to about 
1 - 1.5 mm/day. The suction - water content mea- 
surements from 10 - 15 cm depth (Fig. 7) show that 
between 20 and 40% of the total soil volume con- 
sists of pores which may transpoi-t the water capil- 
lary up to a height of 1.5 m. These are pores with 
an equivalent pore diameter equal to or smaller 
than 20 pm. The values for deeper parts of the ti11 
are probably lower than these obtained for the root 
zone. However, even if the lowest values are consi- 
dered most representative for tbe total till, more 
than 20% of the total soil volumc: may actively take 
part in the transport of water upwards from the 
groundwater level up towards the root zone. 
It is dificult to say how realistic the water bal- 
ance calculation is, compared with the hydraulic 
gradient in the ti11 and the depth of the ground- 
water level. In order to evaluate this theoretically, 
it is necessarv to know the unsaturated hvdraulic 
Figure 6. Sucl:ion - water content curves of some lodgement ti11 conductivity ás a function of the suction.-Such a 
samples from Astadalen, 0.8 - 1 m depth. ~ ~ ~ i l l ~ ~ ~  nse and relationship is complicated to establish for most 
equivalent pore sizes are shown aiong the vertical axis. Suction is soils, especially for poorly so~ted sediments like 
given in cm water column (i.e. as erieki per unit weight). tills. W& have tried to find data from other soil 
studies which may, at least to some degree be repre- 
sentative for till. 
A study of a compact ti11 at Skjik, southem 
Norway has been appliecl to measure capillary 
transport ;in the field (Myhr, 1982). The study was 
carried out in an area of cultivated land (grassland 
and barley fields) with a root zone thickness of 
10 - 20 cin. At one site in the study area the 
groundwater level was on the average 1.5 m below 
the surface during May-August 1975- 198 1. Suction 
in the root zone of the studied area only occasional- 
ly exceeds 400 cm water column in the summer 
months. Water supply for the vegetation during the 
summer season is the surn of the following com- 
ponents (Fig. 5): M, the ,available water stored in 
the root zone after the winter season; P, the preci- 
Hillel(1980, 114-1 19) made theoretical calcula- 
tions of the capillary transport in a fine sandy 
loam. His data indicate that a suction in the root 
zone of 400 cm and a water level at 1.5 m depth 
may give a capillary transport of about 3 mm/day. 
This is a higher value than that which was calculat- 
ed for the ti11 at SkjAk. The soil stud- 
ied by Hillel (1980) is, however, different from the 
ti11 because the ti11 has a lower porosity and a high 
content of cobbles and boulders which cause a 
lower water transport ability. 
Studies by Bouma (1977, Fig. 19) of a silt loam 
and a sand loam indicated that the hydraulic con- 
ductivity of the pore system corresponding to a cap- 
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Figure 7. Suction - water content curves of the till at Sjak, 
10 - 15 cm depth. Further explanation, see Fig. 6. 
illary rise of more than 1.5 m is less than one hun- 
dredth of the saturated hydraulic conductivity. For 
tills of the same grain-size composition as that at 
SkjAk, the data by J~rgensen (1978) indicate a sa- 
turated hydraulic conductivity of the pore system 
in the range lo-* - 5.10-' m/s. If the results of Bou- 
ma (1977) are applied, the unsaturated hydraulic 
conductivity of the pore system coaresponding to a 
1;5 m capillary rise is expected to be around 
m/s. It cannot, therefore, be excluded that the soil 
has an unsaturated, hydraulic conductivity high en- 
ough for the transport of 1 - 1.5 mm/day (030 m/s) 
of water from the groundwater level to the root 
zone. 
Even though the data by Hillel(1980) and Bou- 
ma (1977) are not quite representative for the ti11 at 
SkjAk, they indicate that a capillary transport may 
be in the order of 1 mm/day for sandy-silty tills 
with a groundwater depth at 1 - 1.5 m. It cannot be 
excluded that the total component C (Fig. 5) is 
transported from the groundwater level. However, 
there is also a possibility that a significant part of 
the water may originate from local saturated zones 
between the groundwater level and the root zone. 
This can be of particular importance in the early 
part of the growing season when snow melt water 
percolates downwards, and after rainstorms. From 
saturated zones at depths of 0.2 to 0.5 m, most of 
the pore system of the ti11 will actively take part 
in the upwards capillary transport (see Fig. 7). In- 
termittent saturated zones are very common in 
Scandinavian tills, especially at the lower boundary 
of the soil weathering zone where the satu- 
rated hydraulic conductivity decreases abruptly 
(e.g. Lundin, 1982). 
In the SkjAk area the precipitation usually va- 
ries between 20 and 40 mm/month during the sum- 
mer. The capillary water transport during the same 
months should, according ta the water balance cal- 
culation, be about 30-50 mm. This shows that, in 
areas with ti11 in dry parts of Norway, the water 
supply by capillary transport from the groundwater 
zone, or saturated zones higher up in the till, may 
be at least as important as precipitation inputs. 
This is also indicated by the fact that the wilting 
point is not reached in the root zone even during 
extremely dry summers. 
A comparison with suction - water content 
measurements for other tills in Scandinavia (Nj~s,  
1981, Anderson & Wiklert, 1972, Lundin, 1982) 
indicates that the measured pore-size distnbutions 
for the tills in Astadalen and at SkjAk are typical for 
Scandinavian tills formed from crystalline or coarse 
sedimentary bedrocks. The conclusion is, therefore, 
that sandy-silty Norwegian tills may form impor- 
tant conduits of water dunng dry summer periods 
when the groundwater level is at depths between 1 
and 1.5 m. This primarily occurs because the 
coarse tills with a high content of equidimensional 
grains form a rather open pore system with a great 
portion of pores in the interval 3-30 pm. 
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